To constrain the formation history of an exoplanet, we need to know its chemical composition 1-3 . With an equilibrium temperature of about 4,050 kelvin 4 , the exoplanet KELT-9b (also known as HD 195689b) is an archetype of the class of ultrahot Jupiters that straddle the transition between stars and gas-giant exoplanets and are therefore useful for studying atmospheric chemistry. At these high temperatures, iron and several other transition metals are not sequestered in molecules or cloud particles and exist solely in their atomic forms 5 . However, despite being the most abundant transition metal in nature, iron has not hitherto been detected directly in an exoplanet because it is highly refractory. The high temperatures of KELT-9b imply that its atmosphere is a tightly constrained chemical system that is expected to be nearly in chemical equilibrium 5 and cloud-free 6,7 , and it has been predicted that spectral lines of iron should be detectable in the visible range of wavelengths 5 . Here we report observations of neutral and singly ionized atomic iron (Fe and Fe + ) and singly ionized atomic titanium (Ti + ) in the atmosphere of KELT-9b. We identify these species using cross-correlation analysis 8 of high-resolution spectra obtained as the exoplanet passed in front of its host star. Similar detections of metals in other ultrahot Jupiters will provide constraints for planetary formation theories.
Fe at about 3,900-4,300 K, depending on whether chemical equilibrium is assumed ( Fig. 1c) or whether photochemistry and vertical mixing are present (Fig. 1d) ; Ti + becomes more abundant than Ti at about 3,000-3,400 K. These estimates assume that the elemental abundances (C/H, O/H, N/H, Ti/H and Fe/H) are equal to those of the Sun; that is, they assume solar metallicity. The abundances of Fe + and Ti + stabilize above the transition temperatures quoted above ( Fig. 1) , meaning that only lower bounds on the atmospheric temperature of KELT-9b may be obtained.
Observing through the atmosphere of Earth means that the measured transmission spectrum lacks an absolute empirical normalization. This lack of an absolute empirical normalization implies that absolute atomic abundances cannot be extracted from the data, which in turn implies that the metallicity cannot be inferred from these data alone. In addition, model transmission spectra lack an absolute theoretical normalization [11] [12] [13] . In most hot Jupiters, the spectral continuum is dominated by a combination of Rayleigh scattering associated with molecular hydrogen, the spectral line wings of molecules and the alkali metals (which are mediated by pressure broadening), collision-induced absorption associated with helium and molecular hydrogen, and clouds or hazes. For KELT-9b, the unusually high temperatures imply that all species are in the gas phase and that opacity as a result of bound-free absorption associated with hydrogen anions (H − ) 14 is the dominant source of the spectral continuum 15 rather than Rayleigh scattering associated with atomic and molecular hydrogen ( Fig. 1 ). The line wings of Fe, Fe + , Ti and Ti + are also subdominant ( Fig. 1 ), which implies that pressure-broadening is not a source of uncertainty.
This rather peculiar property of KELT-9b, and of ultrahot Jupiters in general, allows us to meaningfully compute the relative differences between the line peaks of Fe, Fe + , Ti and Ti + and the spectral continuum provided by H − . We construct four templates, using theoretical transmission spectra 13 that consist separately of Fe, Fe + , Ti and Ti + lines, each with a H − continuum. The ability to determine the relative normalization between the line peaks and the continuum means that we are able to give more weight to strong lines and less weight to weak lines in our templates, which results in a higher signal-to-noise ratio in our cross-correlations compared to an analysis using templates in which all of the lines are weighted equally (a so-called binary mask).
Encoded in the data are two distinct signatures: the rotation of the star (vsini = 111.4 km s −1 , where v is the rotational velocity and i is the projected angle of the spin axis) and the orbital velocity of the exoplanet (±81 km s −1 ), both projected along the line of sight to the observer. Each location on the stellar disk corresponds to a different projected rotational velocity of the star. As the exoplanet moves across the stellar disk, it traces out a range of projected rotational velocities with time ( Fig. 2 ). This leaves an imprint on each stellar absorption line that shows up as an enhancement in flux at the wavelength that corresponds to the projected rotational velocity. When the time-averaged stellar spectrum is subtracted from the data and the cross-correlation analysis is performed, a time-dependent residual known as a Doppler shadow remains (Fig. 2) . The tilt of the Doppler shadow with respect to the axes of time and
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wavelength can be used to infer the angle between the rotational axis of the star and the orbital plane of the exoplanet. This Doppler tomography technique was used previously to infer that KELT-9b resides in a near-polar orbit 4 . Superimposed on the Doppler shadow is the timedependent absorption spectrum of the atmosphere of KELT-9b (Fig. 2 ). The spectrum shifts in wavelength with time because it is associated with the varying projected orbital velocity of the exoplanet.
To perform the cross-correlations, we subdivided the reduced spectra into 20-nm bins (for computational efficiency), each to be treated independently in the analysis. We measured the stellar spectrum by averaging the out-of-transit exposures, divided the master stellar spectrum that we obtained out of each exposure and corrected for residual fluctuations in the continuum by normalizing each spectrum using a smoothing filter (with a width of 0.75 Å). Each spectral pixel is weighted by the reciprocal of its variance in time 8 . The Doppler shadow is subtracted to isolate the atmospheric signal from the exoplanet (see Methods). We cross-correlated the residuals between radial velocities of ±1,000 km s −1 with the templates.
The peaks in the cross-correlation function (CCF) of Fe, Fe + and Ti + are seen as bright streaks across the axes of time and systemic radial velocity ( Fig. 3) . These streaks were also seen in the discovery study 4 and are presumably caused by spectral lines that the exoplanet and the star have in common, notably Fe + . Co-adding the signal along these streaks, in the rest frame of the exoplanet, results in significant detections of CCF peaks for Fe, Fe + and Ti + with signalto-noise ratios of 7, 14 and 9, respectively. The CCFs are normalized by the standard deviation at velocities away from the rest frame of the exoplanet to produce the signal-to-noise ratios of the detections. By fitting Gaussians to these CCFs, we find weighted average line contrasts of (0.28 ± 0.03) × 10 −3 (9.3σ), (2.21 ± 0.08) × 10 −3 (26σ) and (1.28 ± 0.07) × 10 −3 (18σ) for Fe, Fe + and Ti + , respectively. The Gaussian standard deviation is denoted by σ and the uncertainties quoted are 1σ. There is no significant detection of the CCF for Ti, which has an average line contrast of (0.18 ± 0.05) × 10 −3 (3.3σ).
That the lines of Fe + show up more prominently than those of Fe suggests that the atmospheric temperatures probed exceed about 4,000 K. The non-detection of Ti ( Fig. 3 ) supports this interpretation. The discovery of Fe, Fe + and Ti + in KELT-9b sets the stage for future searches for carbon monoxide (CO) and water (H 2 O) in the near-infrared range of wavelengths. At these elevated temperatures, CO is expected to be the dominant molecule, which would imply that its abundance directly mirrors the value of C/H (for C/O < 1) or O/H (for C/O > 1) 5 , bound-free absorption associated with the hydrogen anion (H − ) and the spectral lines of neutral and singly ionized iron and titanium (Fe, Fe + , Ti and Ti + ) and of titanium oxide (TiO), weighted by their relative abundances by number (volume mixing ratios X i ), assuming chemical equilibrium, a temperature of 4,000 K and solar metallicity. The dominance of H − absorption implies that the spectral continuum can be used to estimate the pressure associated with the transit chord probed in KELT-9b, which we compute to be about 10 mbar. b, The theoretical transmission spectrum corresponding to the cross-sections shown. R and R * denote the exoplanetary and stellar radii, respectively. c, Mixing ratios of Fe, Fe + , Ti and Ti + as a function of temperature, assuming chemical equilibrium and for metallicities of 0.1, 1 and 10 times the solar metallicity. d, Same as c, but including photochemistry and a representative vertical mixing strength of 10 10 cm 2 s −1 . 

MEthods
Telluric lines are the main contaminant in the observed spectrum, with strong spectral lines of water and molecular oxygen in the visible range of wavelengths. To perform decontamination, we used version 1.5.1 of Molecfit 18 , an ESO tool for correcting for the tellurics in ground-based spectra following established procedures 19 . We tested the performance of our telluric correction by cross-correlating the corrected and uncorrected in-transit spectra with a telluric water-absorption template spectrum (at 296 K). Extended Data Fig. 1 demonstrates that our correction efficiently removes the telluric water signal.
To remove the Doppler shadow, we cross-correlated the data with a PHOENIX stellar model template that matches the effective temperature of the star 20 . We modelled and fitted the main Doppler shadow that occurs near −35 km s −1 , as well as three aliases near +80 km s −1 , +20 km s −1 and −125 km s −1 , as timedependent Gaussians. The best-fit parameters (central radial velocity, width and amplitude) are described by first-, second-, third-or fourth-degree polynomials in time. The resulting model of the Doppler shadow was adjusted in amplitude to the CCF obtained for each species and subtracted. We applied a cross-correlation formalism as used previously 19 to measure the average line strengths of Fe, Fe + , Ti and Ti + . For this purpose, the templates that were used to detect the species were continuum-subtracted to act as weighted binary masks that measure the average spectral line present in each spectral bin and each exposure. The final onedimensional CCFs were obtained by a weighted co-addition of the 20 bins and 19 in-transit exposures following the same strategy as used previously 21 . The weights were obtained by injecting the templates into the data at the start of the analysis at a low level as to not affect the statistics of the CCF 22 , and subsequently measuring the resulting increase in the CCF. Wavelength regions with poorer data quality or fewer spectral lines of the target species were thereby implicitly given a low weight.
The opacities 10 of Fe, Fe + , Ti and Ti + were computed using standard methods 23, 24 and the open-source HELIOS-K opacity calculator 25 . Equilibrium-chemistry calculations were performed using the FastChem code 26 . We note that the JANAF database (https://janaf.nist.gov) supplies the Gibbs free energies needed to perform the equilibrium-chemistry calculations up to only 6,000 K. Chemical-kinetics calculations were performed using the ARGO code 27 . The templates for the neutrals (Fe, Ti) and ions (Fe + , Ti + ) assume atmospheric temperatures of 3,500 K and 4,500 K, respectively; assuming different temperatures results in slight changes to the signal-to-noise ratio of each detection. The bright CCF streaks associated with each species were co-added along each streak, in the rest frame of the exoplanet, by using the measured orbital parameters 4 and experimenting with a range of values for the orbital velocity of the exoplanet. We estimate the signal-to-noise ratios of the individually detected species by measuring the standard deviation of the CCF at velocities more than 50 km s −1 away from the exoplanet's rest frame. Water was not detected below the 200 p.p.m. level (3σ). Data availability. The observations that support the findings of this study were obtained as part of DDT programme A35DDT4 and are available in the public archive of the TNG (http://ia2.oats.inaf.it/archives/tng). Code availability. All codes, programs and algorithms that were used to support the findings of this study are described in previously published literature. The codes to calculate the opacity functions and to model atmospheric chemistry are publicly available at https://github.com/exoclime.
